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HIGH-K GATE DIELECTRIC STACK
PLASMA TREATMENT TO ADJUST
THRESHOLD VOLTAGE
CHARACTERISTICS

FIELD OF THE INVENTION

The present invention relates generally to high-K CMOS
transistor gate stack fabrication processes i1n micro-inte-
grated circuit fabrication and more particularly, to a method
of treating a gate structure including a high-K dielectric gate
stack to improve the threshold Voltage behavior in a CMOS
device.

BACKGROUND OF THE INVENTION

Fabrication of a metal-oxide-semiconductor (MOS) inte-
grated circuit involves numerous processing steps. A gate
oxide 1s typically formed from thermally grown silicon
dioxide over a silicon substrate which 1s doped with either
n-type or p-type dopants. For each MOS field eflect tran-
sistor (MOSFET) being formed, a gate electrode 1s formed
over the gate dielectric, and dopant impurities are then
introduced into the semiconductor substrate to form source
and drain regions. Many modern day semiconductor micro-
clectronic fabrication processes form features having less
than 0.25 micron critical dimensions, for example more
recent devices include features sizes of less than 0.13
microns. As design rules decrease, the size of a resulting
transistor as well as transistor features, for example gate
length, also decrease according to scaling relationships. As
gate lengths decrease, the problem of current leakage, for
example gate induced drain leakage (GIDL) becomes more
severe, which 1s a problem for low power devices, requiring
increased transistor ofl current.

In order to overcome this phenomenon, an increasing
trend 1n semiconductor microelectronic device fabrication 1s
to use high-K (high dielectric constant materials) in the gate
dielectric stack to achieve an equivalent oxide thickness
(EOT) with thicker high-K materials. Because of high
tunneling currents, S10, films thinner than about 20 Ang-
stroms cannot be reliably used as gate dielectrics in CMOS
devices. There are currently intense eflorts to replace tradi-
tional S10, gate dielectric films with high-K dielectric mate-
rials. A high dielectric constant allows a thicker gate dielec-
tric to be formed which dramatically reduces tunneling
current and consequently gate leakage current, thereby over-
coming a severe limitation 1n the use of S10, as the gate
dielectric at smaller device critical dimensions.

There have been, however, difliculties in forming high-k
gate dielectrics to achieve acceptable threshold Voltage
behavior in CMOS devices. Frequently, a relatively large
shift 1n flatband Voltage or equivalent threshold Voltage
occurs when high-K dielectrics are used 1n a gate dielectric
stack for both NMOS and PMOS devices. For example,
hatnium oxide (e.g., HfO,) when used 1n the gate dielectric
stack exhibits a shift of from about 300 mV 1n NMOS
devices and about 700 mV in PMOS devices compared to a
conventional S10, gate dielectric.

The presence of unwanted interfacial states i1s believed to
contribute to flatband and threshold Voltage shifts. Several
approaches, from treating the base oxide layer, to post
deposition annealing of the high-K dielectric prior to poly-
silicon electrode layer deposition have been proposed. Pro-
posed approaches so far have met with limited success,
threshold Voltages still exhibiting larges differences com-
pared to normal or desired behavior achieved with conven-
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tional S10, gate dielectrics. As a result, the itegration of
high-K gate dielectric stacks with acceptable electrical
behavior including acceptable threshold Voltage behavior in
low power CMOS devices remains a problem to be over-
come.

Therefore 1t would be advantageous to develop an
improved method for forming gate structures including
high-K dielectric layer stacks in CMOS devices having
improved electrical performance including threshold Volt-
age performance.

It 1s therefore an object of the invention to provide an
improved method for forming gate structures including
high-K dielectric layer stacks in CMOS devices having
improved electrical performance including threshold Volt-
age performance, while overcoming other shortcomings and
deficiencies of the prior art.

SUMMARY OF THE INVENTION

To achieve the foregoing and other objects, and 1n accor-
dance with the purposes of the present invention, as embod-
ied and broadly described herein, the present invention
provides a method for treating a gate structure comprising a
high-K gate dielectric stack to improve electric performance
characteristics.

In a first embodiment, the method includes providing a
gate dielectric layer stack including a binary oxide over a
silicon substrate; forming a polysilicon layer over the gate
dielectric layer stack; lithographically patterning and etch-
ing to form a gate structure; and, carrying out at least one
plasma treatment of the gate structure comprising a plasma
source gas selected from the group consisting of H,, N,, O,
and NH,.

These and other embodiments, aspects and features of the
invention will be better understood from a detailed descrip-
tion of the preferred embodiments of the invention which are
turther described below 1n conjunction with the accompa-
nying Figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1, 1s an exemplary CMOS device including a high-K
dielectric stack formed according to an embodiment of the
invention.

FIGS. 2A-2C are cross sectional views of a portion of an
exemplary gate structure including a multi-layer high-K
dielectric layer stack at stages 1n manufacture according to
an embodiment of the present invention.

FIG. 3A 1s a graphical representation of exemplary
Capacitance-Voltage (CV) data taken of exemplary CMOS
devices formed according to preferred embodiments con-
trasted with a processing method excluding embodiments of
the present invention.

FIG. 3B 1s a graphical representation of exemplary flat-
band Voltage data derived from CV data taken of exemplary
CMOS devices formed according to preferred embodiments
contrasted with a processing method excluding embodi-
ments of the present mvention.

FIG. 4 1s a process flow diagram including several
embodiments of the present invention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

Although the method of the present invention i1s explained
with reference to the formation of an exemplary high-K gate
dielectric stack, 1t will be appreciated that the method of the
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present invention may be used for the formation of high-K
gate dielectrics for MOSFET devices as well as capacitor
stacks 1n a micro-integrated circuit manufacturing process.

Although the method of the present invention 1s explained
with reference to the use of exemplary high-k gate dielec-
trics 1t will be appreciated that the method of the present
invention may be adapted for the use of any high-k oxide, for
example a binary oxide material 1in the formation of a gate
dielectric. By the term high-k dielectric 1s meant a material
that has a dielectric constant of greater than about 10. The
term “‘substrate” 1s defined to mean any semiconductor
substrate material including conventional silicon semicon-
ductor wafers.

“Referring to FIG. 1 1s shown a cross sectional schematic
of an exemplary CMOS transistor having gate structure
including a high-k dielectric gate stack region according to
an embodiment of the present invention. Shown 1s semicon-
ductor substrate 12, for example a silicon substrate including
lightly doped regions e.g., 14A, source/drain regions, €.g.,
14B and shallow trench i1solation regions, e.g., 16 formed 1n
the silicon substrate by conventional methods known 1n the
art. The regions 14A and 14B are typically formed following
the formation of the gate structure. The gate dielectric
portion at the gate structure 1s formed of multiple layers
including for example, an interfacial silicon dioxide layer
18A, and high-K dielectric portion 18B. A polysilicon gate
clectrode portion 18C 1s formed over the gate dielectric
portion. The gate structure 1s formed by conventional meth-
ods including photolithographic patterning and anisotropic
ctching steps following blanket deposition of the various
layers including an uppermost polysilicon layer.

Following gate structure formation a first 10n implantation
process 1s typically carried out to form LDD regions e.g.,
14 A 1n the silicon substrate. Sidewall spacers e.g., 20A, are
then formed including for example at least one of silicon
oxide (e.g., S10,), silicon oxynitride (e.g., S1ON), and
silicon nitride (e.g., S1N) including multiple layered spacers
by methods known 1n the art including conventional depo-
sition and etchback processes. A second 10on 1implantation
process 1s then carried out to form the source/drain regions
¢.g., 14B 1n a self aligned 10on 1implantation process where the
sidewall spacers e.g., 20A act as an implantation mask to
form N type or P type doping regions depending on whether
a PMOS or NMOS type device 1s desired.

Referring to FIG. 2A 1s shown an expanded cross sec-
tional side view of a portion of an exemplary gate stack
region at stages 1 manufacture according to an embodiment
of the present invention. In an exemplary embodiment,
shown 1s semiconductor substrate 22, for example single
crystalline silicon having (111) or (100) onentation. The
substrate may also be a layered semiconductor substrate
such as S1/51Ge or S1/510,/81. The substrate may be of the
n or p-type and preferably includes several active regions,
for example N or P doped regions forming active charge
carrying regions forming a portion of a MOFSET device.

Still referring to FI1G. 2A, 1n an exemplary embodiment of
the present invention, in a first step the silicon substrate 22
1s cleaned prior to formation of an overlying thermally
grown S10, interfacial layer 24, also referred to as a base
oxide layer. For example, the silicon substrate 1s cleaned
using standard cleaning 1 (SC-1) and/or standard cleaning-2
(SC-2) solutions, which may be individually or sequentially
used cleaning solutions including mixtures of NH,OH—
H,O,—H,O, and HCI—H,0O,—H,O, respectively.

Still referring to FIG. 2A, in one embodiment of the
invention, following the silicon substrate cleaning process,
an 1nterfacial oxide (510,) layer 24 1s formed over the
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silicon substrate 20, preferably to a thickness of between
about 5 Angstroms to about 30 Angstroms by a wet or dry
thermal oxidation or chemical oxidation method. High tem-
perature wet or dry thermal oxide growth methods are
preferred due to a superior quality S1/510,, interface.

Referring to FIG. 2B, at least one high-K dielectric layer
¢.g., 26 1s then deposited over the interfacial oxide layer 22
by conventional methods. It will be appreciated that the
interfacial oxide layer 24 may be optionally subjected to
surface treatments including chemical, plasma and/or
annealing treatments as are known 1n the art prior to high-K
material deposition. It will additionally be appreciated that
the high-K dielectric layer or stack may also be deposited
directly onto the silicon substrate; however an interfacial
oxide layer e.g., 24 1s preferably provided for high-K
dielectric stability when using binary oxide high-K dielec-
trics such as hatnium oxide (HIO,).

The high-K dielectric layer or stack 26 may be deposited
by conventional methods, including atomic layer chemical
vapor deposition (ALCVD), laser ablation, and reactive DC
sputtering. Preferred high-K dielectrics include binary metal
oxides such as tantalum oxides (e.g., Ta,O.), titanium
oxides, (e.g., T10,), hatnium oxides (e.g., HtO,), yttrium
oxides (e.g., Y,0O;), lanthanum oxides (e.g., La,O.), zirco-
nium oxides (e.g., Zr0O,), and silicates and aluminates
thereof.

The ALCVD deposition process preferably takes place
with the wafer substrate heated from about 200° C. to about
400° C. An ALCVD process 1s preferred since 1t gives
superior imnterface and film qualities. For example, molecular
layers are sequentially deposited including a molecular layer
of metal precursor, for example a metal-organic precursor,
followed by controlled dissociation and oxidation of the
metal-organic molecular layer to form a portion of the
high-k dielectric layer, the process being sequentially
repeated to complete the formation of the high-K dielectric
layer. It will be appreciated that other processes such as
MOCVD or PECVD using metal-organic precursors may be
used as well, but are less preferred methods of deposition
due to lower quality electrical properties.

In a most preferred embodiment, the high-K dielectric
maternal includes a single layer or stacked layers of hatnium
oxide (e.g., HIO,) deposited by an ALCVD method at less
than about 300° C., more preferably about 200° C. to
minimize lattice mismatch. It will be appreciated that the
thickness of the HIO, will vary depending on the equivalent
oxide thickness (EOT) desired, for example between about
5> Angstroms and 30 Angstroms. For example, the HIO,
layer thickness may vary between about 40 Angstroms and
about 100 Angstroms. Following deposition of the high-K
dielectric layer or layers the high-K dielectric may be
subjected to one or more annealing treatments, preferably
including at least one of nitrogen, hydrogen or oxygen at
between about 550° C. and 900° C.

Reterring to FIG. 2C, following deposition of the high-K
dielectric layer e.g., 26, a polysilicon layer 1s deposited by
conventional methods, for example LPCVD at less than
about 580° C. followed by conventional lithographic pat-
terning and etching, preferably RIE and/or chemically
dependent etching (CDE), to etch through a thickness of the
polysilicon layer to form the polysilicon gate electrode
portion 28 and through a thickness portion of the HIO, layer
e.g., 26 to form high-K gate dielectric portion 268 while
leaving at least a portion of the interfacial oxide layer 24
covering the silicon substrate. The interfacial oxide layer
portion advantageously serves to protect the silicon substrate
22 1n the subsequent plasma treatment process.
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According to an aspect of the present invention, following
the gate etching process, the process waler including the
gate structure 1s subjected to a plasma treatment process.
The plasma treatment 1s preferably carried out at pressures
between about 100 mTorr and about 10 Torr, more prefer-
ably between about 1 Torr and about 5 Torr. The plasma
treatment preferably includes the plasma source gases H.,,
N,, O,, and NH; or mixtures thereof. More preferably the
plasma source gas includes hydrogen or nitrogen or mixtures
thereol. Most preferably, the plasma source gas 1s hydrogen,
due to minimal plasma damage and more eflicient thermally
activated diffusion 1n a subsequent annealing process.

The plasma treatment may include conventional plasma
operating conditions and plasma reactors including for
example, inductively coupled plasma source (ICP), parallel
plate, electron cyclotron resonance (ECR), dual plasma
source (DPS), and magnetically enhanced configurations.
More preferably, the plasma reactor includes a DPS source
to allow for independent waler biasing. Exemplary operat-
ing conditions include an RF power of between about 100
Watts and about 600 Watts and a waler bias between about
0 Watts and about 300 Watts.

Depending on the reactor configuration, for example a
DPS reactor, the plasma treatment 1s carried out between
about 10 minutes and about 60 minutes. Following the
plasma treatment, preferably a post plasma treatment
annealing process 1s carried out 1n an ambient including at
least one of H,, N,, O,, and NH,, more preferably primarily
a nitrogen (N, ) or hydrogen containing ambient in the case
of a plasma treatment with H,, N,, and NH,. The annealing
process 1s preferably carried out at a temperature between
about 550° C. and about 750° C. for about 5 minutes to about
30 minutes. It will be appreciated that the annealing process
may be carried out in-situ following the plasma treatment, or
may be carried out ex-situ 1n a separate single wafer treat-
ment tool or in a batch wafer annealing process 1 a
conventional furnace.

It has been found according to preferred embodiments of
the present invention that the plasma treatment of the gate
structure including the polysilicon gate electrode and high-K
dielectric stack sidewall portions, followed by a post plasma
treatment anneal gives the best results 1n advantageously
adjusting the flatband Voltage, and consequently the thresh-
old Voltage, such that the electrical operating parameters of
a completed CMOS device are within an operating range
comparable to CMOS devices with S10, gate dielectrics.
While not bound by any particular theory, 1t 1s believed that
dangling, or unsaturatively coordinated S1 Bonds form at the
binary oxide (e.g., HtO,)/polysilicon interface, for example
due to lattice mismatch effects. By performing at least a
plasma treatment, more preferably followed by an annealing,
treatment according to preferred embodiments, plasma
implanted atoms such as hydrogen, nitrogen, and oxygen,
more preferably hydrogen and/or nitrogen, penetrate and
thermally diffuse to the H1O,/polysilicon interface to pas-
sivate or bond with the dangling bonds. As a result, interface
states acting as electron/hole traps are advantageously
reduced thereby improving flatband and consequently
threshold Voltage behavior mm both PMOS and NMOS
devices.

For example, referring to FIG. 3A, 1s shown a graph of
exemplary data (CV curve) with capacitance on the vertical
axis and applied gate Voltage on the horizontal axis exem-
plary NMOS devices. Lines A, B, and C respectively rep-
resent ‘as deposited’ (A), 1.e., with no plasma treatment of
the gate stack including a high-K dielectric, shown juta-
posed to devices formed having the gate stack exposed to
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increased times of a plasma treatment in hydrogen e.g., 30
min (B), and 60 min (C), Line D, by contrast, represents a
device formed with the gate stack exposed to a plasma
treatment followed by an annealing treatment in nitrogen
(N,) according to preferred embodiments, demonstrating a
significant 1mprovement in the CV curve characteristics
including flatband Voltage derived therefrom by known
methods.

Referring to FIG. 3B, 1s shown a graph of exemplary data
of CMOS devices with the flatband Voltage on the vertical
ax1is and the gate stack treatment condition separated on the
horizontal axis. Gate stact treatment condition Al corre-
sponds to ‘as deposited” condition (without a plasma treat-
ment or anneal treatment of the gate stack); gate stack
treatment conditions B1, C1, and D1, respectively corre-
spond to a 10, 30, and 60 minute H, plasma treatment
according to preferred embodiments. Gate stack treatment
condition E1, by contrast, shows a 60 minute H, plasma
treatment followed by an annealing treatment according to
preferred embodiments, showing a significant improvement
in flatband Voltage.

Referring back to FIG. 1, following the annealing treat-
ment, conventional processes are then carried out to com-
plete the CMOS device mncluding an 10n implantation pro-
cess to form LDD regions e.g., 14A 1n the silicon substrate
followed by sidewall spacer formation e.g., 20A and a
subsequent 1on 1mplantation process to form source/drain
regions e.g., 14B.

Referring to FIG. 4 15 a process tlow diagram including
several embodiments of the present invention. In a first
process 401, an iterfacial oxide layer 1s provided over a
s1licon substrate. In process 403, at least one high-K dielec-
tric layer, preterably H1O,, 1s deposited over the intertacial
oxide. In process 405, a polysilicon layer 1s deposited. In
process 407, the polysilicon layer 1s patterned and etched
through a thickness portion of the polysilicon and high-K
dielectric to form a gate structure. In process 409, a plasma
treatment 1s carried out according to preferred embodiments.
In process 411, a post plasma treatment anneal 1s carried out
according to preferred embodiments. In process 413, con-
ventional processes are carried out to complete the CMOS
device.

While the embodiments illustrated in the Figures and
described above are presently preferred, it should be under-
stood that these embodiments are oflered by way of example
only. The mvention 1s not limited to a particular embodi-
ment, but extends to various modifications, combinations,
and permutations as will occur to the ordinarily skilled
artisan that nevertheless fall within the scope of the
appended claims.

What 1s claimed 1s:

1. A method for treating a gate structure comprising a
high-K gate dielectric stack to reduce interface states
between a high-k gate dielectric and a gate electrode com-
prising the steps of:

providing a gate dielectric layer stack comprising a high-k

gate dielectric over a semiconductor substrate;
forming a gate electrode layer on the gate dielectric layer
stack;

lithographically patterming and etching to form a gate

structure; and,

carrying out at least one plasma treatment of the gate

structure following formation of the gate structure, said
at least one plasma treatment comprising a plasma
source gas selected from the group consisting of H,,
N,, O,, NH;, and combinations thereof.
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2. The method of claim 1, further comprising the step of
annealing the gate structure following the at least one
plasma treatment.

3. The method of claim 2, wherein the step of annealing,
comprises a temperature of from about 600° C. to about 750°
C.

4. The method of claim 2, wherein the step of annealing
comprises an ambient consisting essentially of nitrogen.

5. The method of claim 1, wherein the gate dielectric layer
stack comprises a lowermost S10, layer formed over the
silicon substrate.

6. The method of claim 1, wherein the gate dielectric layer
stack comprises a high-K material selected from the group
consisting of tantalum oxides, titanium oxides, hainium
oxides, vitrium oxides, lanthanum oxides, zirconium oxides,
and silicates and alumimates thereof.

7. The method of claim 1, wherein the dielectric layer
stack consists essentially of a lowermost S10, layer and an
overlying hainmium oxide layer.

8. The method of claim 7, wherein the hatnium oxide
layer 1s formed according to an ALCVD method at a
temperature of less than about 300° C.

9. The method of claim 1, wherein the at least one plasma
treatment consists if a plasma source gas selected from the
group consisting of hydrogen (H,), nitrogen (N,), and
combinations thereof.

10. The method of claim 1, wherein the plasma treatment
1s carried out at a pressure of between about 100 mTorr and
about 10 Torr.

11. A method for treating a gate structure comprising a
high-K gate dielectric stack to reduce interface states at a
high-k gate dielectric/gate electrode interface comprising
the steps of:

providing a gate dielectric layer stack comprising at least

one high-K dielectric over a semiconductor substrate;
forming a gate electrode layer on the high-k dielectric
layer;

lithographically patterning and etching to form a gate

structure;
carrying out at least one plasma treatment of the gate
structure following formation of the gate structure, said
at least one plasma treatment comprising a plasma
source gas selected from the group consisting of H,,
N,, O,, NH;, and combinations thereof; and,

annealing the gate structure following the at least one
plasma treatment.
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12. The method of claim 11, wherein the step of annealing
comprises a temperature of from about 600° C. to about 750°

C.

13. The method of claim 12, wherein the step of annealing

comprises an ambient selected from the group consisting of
H,, N,, O,, NH, and combinations thereof.

14. The method of claim 11, wherein the gate dielectric
layer stack comprises a lowermost S10, layer formed over
the semiconductor substrate.

15. The method of claim 11, wherein the high-K dielectric
1s selected from the group consisting of tantalum oxides,
titanium oxides, hainium oxides, yttrium oxides, lanthanum
oxides, zirconitum oxides, and silicates and aluminates

thereof.

16. The method of claim 11, wherein the gate dielectric
layer stack consists essentially of a lowermost S10, layer
and an overlying hainium oxide layer.

17. The method of claim 11, wherein the plasma source
gas consists essentially of hydrogen (H,), nitrogen (N, ), and
combinations thereof.

18. The method of claim 11, wherein the plasma treatment
1s carried out at a pressure of between about 100 mTorr and
about 5 Torr.

19. A method for treating a gate structure comprising a
high-k gate dielectric stack to improve electric performance
characteristics comprising the steps of:

providing a high-k gate dielectric layer over a semicon-
ductor substrate:

forming a gate electrode layer on the high-k gate dielec-
tric layer;

patterning said gate electrode layer and gate dielectric
layer to form a gate structure; and

providing a treatment of the gate structure following
formation of the gate structure, said treatment selected
from the group consisting of a thermal treatment and at
least one plasma treatment, said treatment reducing
interface states between the gate electrode layer and the
high-k gate dielectric layer.

20. The method of claim 19, wherein the treatment

comprises a plasma treatment followed by the thermal
treatment.
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